To initiate infection, bacteria must adhere to and colonize host tissues. Specific and nonspecific mechanisms participate in the adherence process. Salmonella enterica ssp. enterica serovar Typhi (S. Typhi) must first adhere to the intestinal epithelium to invade and disseminate throughout the host. In this study, the role of colonic epithelial cell surface sialic acid in the adherence of S. Typhi was defined. Neuraminidase treatment of colonic Caco-2 cells removed 27-58% of surface sialic acid. Thus desialylation diminished the adherence of S. Typhi by 41%. Sialic acid treatment of S. Typhi had no effect on their adherence to neuraminidasetreated or control cells. These results indicate that sialic acid on the surface of colonic cells enhances S. Typhi adherence. These findings may suggest novel therapeutic strategies for S. Typhi infections.
Introduction
Bacterial adherence and colonization are prerequisite events for invasive infection. The adherence process requires both specific and nonspecific mechanisms. Although specific carbohydrate receptor-ligand interactions appear to play a critical role in bacterial adherence to epithelial cells, hydrophobic interactions, electrostatic attractions, atomic and molecular vibrations, Brownian movement, and recruitment and trapping by biofilm polymers also nonspecifically contribute to the process. Whether the adherence mechanism is specific or nonspecific, surface carbohydrate moieties play a central role.
The gastrointestinal tract serves as a portal for enteropathogens, which utilize lectin-like adhesins that recognize specific glycoconjugates on the surface of intestinal epithelial cells (Sharon, 1987; Ofek & Sharon, 1990) . The selective binding affinity of microbial adhesins for specific surface carbohydrates may determine the regional distribution of infection within the host gastrointestinal tract (Lindstedt et al., 1991; Boren et al., 1993; Hultgren et al., 1993) .
Salmonella Typhi first adhere to M cells of the intestinal epithelium (Kohbata et al., 1986) and subsequently adhere to absorptive enterocytes (Takeuchi, 1967) . Although the enterocyte brushborder membrane has been analyzed in detail, relatively little is known about the composition of M-cell membranes (Mooseker, 1985; Semenza, 1986; Costa de Beauregard et al., 1995) . It has been shown previously that apical surfaces of enterocytes have complex glycoconjugates that are potential receptors for microbial adhesins, including membrane glycolipids (Karlsson, 1989) , glycoprotein enzymes (Semenza, 1986) , and the large mucin-like glycoprotein (Maury et al., 1995) .
The mucus layer of the intestinal epithelium presents an important physical barrier for microorganisms. In addition to providing a physical barrier, the mucin-containing layer also provides the initial attachment sites for bacteria with glycoconjugate structures (Forstner, 1978) . Bacterial adhesins often contain lectins that selectively recognize distinct carbohydrate cell surface structures (Ofek & Sharon, 1990; St. Geme, 1997) . Bacterial adhesion may be mediated through terminal sugars or internal carbohydrate motifs. On the other hand, most host receptors are rich in carbohydrate, and some of these carbohydrate moieties are rich in sialic acid.
Sialic acid is expressed on the surface of microorganisms and the cells of invertebrates and all mammals as glycoconjugates that impart a negative electric charge to the cell surface. Because sialic acids have multiple substitutional sites, they are able to bind to adjacent molecules through a range of distinct glycosidic linkages (Schauer, 1982) . Sialic acid on the eukaryotic cell surface is an important determinant of receptor-ligand and cell-cell interactions. The level of glycosylation of host cell receptors influences their ability to recognize and bind ligands such as hormones, cytokines, immunoglobulins, adhesion molecules, or toxins (Liu et al., 1982; Hattori et al., 1985; Hayes & Lockwood, 1986; Gorczyca et al., 1989; Hedges et al., 1992; van't Wout et al., 1992; Cross et al., 1995) . The amount of membraneassociated sialic acid determines rheological properties, such as deformability, motility and adhesiveness (Lichtman & Weed, 1972 , 1976 Cross & Wright, 1991) , and participates in a number of distinct pathophysiological processes.
The amount of sialic acid on the cell surface is regulated by neuraminidase/sialidase and sialylotransferase. Neuraminidases are enzymes that cleave sialyl residues from cell surface glycoconjugates, while sialylotransferases restore sialic acid to these same structures. Not only is surface sialic acid an important determinant of eukaryotic cell-cell interactions, it may also be a key molecule for bacterial adherence. In the current study, we have established a role for colonic epithelial cell surface sialic acid in the binding of S. Typhi to the colonic epithelium.
Materials and methods

Reagents
Neuraminidase type V extracted from Clostridium perfringens (Sigma) with a specific activity of 1.1 U mg À1 as well as N-acetylneuraminic acid (sialic acid, NANA) (Sigma) each was reconstituted in 50 mM Na acetate (pH 5.5) and 10 mM Tris-HCl (pH 6.9), respectively, immediately before use. The neuraminidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (2-deoxy-NANA) (Sigma) was reconstituted in phosphate-buffered saline (PBS) and stored at À 20 1C.
Bacterial strains and cell lines
Salmonella Typhi type-2 B strain was obtained from the Refik Saydam National Public Health Agency Culture Collection (Ankara, Turkey) and cultured on blood agar (Difco Laboratories, Detroit, MI). The bacteria concentration of $10 7 CFU mL À1 was monitored spectrophotometrically as an OD of 0.1 at A 625 nm . The Caco-2 human colon carcinoma cell line obtained from the American Type Culture Collection (Manassas, VA) was grown in minimum essential medium (MEM) (Eagle) in Earle's balanced salt solution with nonessential amino acids, sodium pyruvate (1 mM), and fetal bovine serum (20%) in the absence of antibiotics at 37 1C in 5% CO 2 .
Bacterial adherence to and invasion of the human colon cell line
Caco-2 cells were seeded to the wells of 24-well plates (Costar, Cambridge, MA) (5 Â 10 4 cells per well) in 1 mL media and cultured to confluence (72 h, 37 1C, 5% CO 2 ). Bacteria cultured on blood agar were suspended in cell culture media at a final concentration of 10 7 CFU mL À1 and 1 mL bacterial suspension was incubated for 2.5 h at 35 1C with each Caco-2 cell monolayer. Monolayers were washed with PBS and lysed with 200 mL lysis buffer containing 50 mM Tris-HCl (pH 7.4) and 1% Noniodent P-40. The protein concentration of each lysate was determined with the bicinichonic acid protein assay reagent (Pierce Chemicals, Rockford, IL). Each lysate (50 mL) was serially diluted and plated on blood agar. After a 24-h incubation at 35 1C, the total number of bacteria for each dilution was counted. Numbers of adherent bacteria were normalized to total cellular protein and expressed as bacteria mg À1 protein.
Effect of neuraminidase on bacterial adherence to Caco-2 cells
Confluent monolayers were incubated for 4 h at 37 1C with 100 mU mL À1 of neuraminidase in 50 mM Na-acetate (pH 5.5) buffer containing 5 mM CaCl 2 or media alone. Cells were washed three times with PBS, and used in the adherence assay as described above. In selected experiments, the neuraminidase was introduced in the presence or absence of the competitive neuraminidase inhibitor, 2-deoxy-NANA.
In other experiments, the neuraminidase was boiled for 1.5 h before incubation with cells.
Fluorescence Lectin study
To demonstrate cell-associated sialic acid on the colon cell surface, sialic acid-specific Sambucus nigra (SNA) lectin that recognizes sialic acid linked a(2-6) galactose, a(2-6)GalNAc, and b-galactose and Maackie amurensis (MAA) lectin that recognizes sialic acid-linked a(2-3) galactose were introduced. Archis hypogea (PNA) lectin that specifically recognizes subterminal b-galactose after sialic acid removal and therefore reacts strongly with desialylated glycoproteins was used to detect areas on the cell surface from which sialic acid had been removed (EY laboratories, San Mateo, CA). Colonic cells were cultured to confluence in 24-well tissue culture plates. Monolayers were preincubated for 4 h with neuraminidase (100 mU mL À1 ) or media alone, washed, incubated for 15 min with 50 mg mL À1 of tetramethylrhodamine isothiocyanate (TRITC)-conjugated PNA, TRITCconjugated SNA, or Texas red (TR)-conjugated MAA, washed, and fluorometrically assayed in a multi-well fluorescence plate reader (Thermo, Milford, MA).
Effect of sialic acid on S. Typhi adherence to Caco-2 cells
Sialic acid was dissolved in 10 mM Tris-HCl buffered to pH 6.9. Suspensions of S. Typhi (10 7 CFU mL À1 ) were preincubated for 30 min at 37 1C with the sialic acid solution at a final concentration of 25 mM. The bacteria were washed three times in PBS, resuspended in MEM, and presented to neuraminidase-treated or media control Caco-2 cell monolayers, after which bacterial adherence was determined.
Statistical analysis
All experiments were repeated three times and each experimental and control condition was assayed in duplicate. ANOVA was used to compare the mean responses among experimental and control groups in neuraminidase inhibition and sialic acid pretreatment assays. Student's t-test (one tailed) was used to compare the mean responses among the experimental and control groups in adhesion and lectin-binding assays. P-value of o 0.05 was considered significant.
Results
Effect of neuraminidase on bacterial adherence to colon cells
To determine the role of epithelial surface sialic acid in S. Typhi adherence, colonic epithelial cells were pretreated with neuraminidase or media alone before incubation with bacteria in an adherence assay. Following desialylation with neuraminidase treatment, S. Typhi adherence decreased $41% compared with untreated control cells (Fig. 1) . Thus, removal of sialyl residues from the cell surface profoundly decreased S. Typhi adherence to the colonic epithelium.
Specificity of neuraminidase activity
Commercially available neuraminidase preparations can be contaminated with trace amounts of proteases or glucosi-dases that are difficult to remove by standard purification procedures. Because neuraminidase activity is known to be inhibited by boiling or preincubation with the competitive inhibitor, 2-deoxy-NANA (Sakarya et al., 2004) , monolayers were incubated with neuraminidase, boiled neuraminidase, neuraminidase, together with 2-deoxy-NANA, or media alone. Boiled neuraminidase or its coadministration with 2deoxy-NANA completely blocked the neuraminidase-reduced J; S. Typhi adherence to colon cells (Fig. 2) . Thus, the reduced adherence for S. Typhi was clearly explained through neuraminidase catalytic activity, thereby excluding contaminants in the neuraminidase preparation.
Amount of desialylation of the colon epithelial cell surface
On the basis of our adherence assays, we investigated whether neuraminidase treatment might remove sialic acid from the colon cell surface, creating an unfavorable environment for S. Typhi adherence. To detect the type and amount of sialic acid mobilized from the surface of colon cells, cells were probed with sialic acid-specific TRITC-conjugated SNA lectin and TR-conjugated MAA lectin that recognizes sialic acid were used. To detect subterminal b-galactose as an indicator of sialic acid removal, TRITC-conjugated PNA lectin was introduced. Monolayers treated with neuraminidase revealed decreased binding of both SNA (Fig. 3a) and MAA (Fig. 3b ) lectin by 27% and 58%, respectively; PNA (Fig. 3c ) lectin binding increased by 43% compared with the simultaneous media controls.
Effect of sialic acid on S. Typhi adherence to colon cells
Salmonella Typhi adherence was decreased through prior neuraminidase treatment of the colonic epithelium. We asked whether the addition of exogenous sialic acid might Each bar represents the mean ( AE SE) adhesion of bacteria to Caco-2 cell monolayers after treatment with media alone, NANase (100 mU mL À1 ), boiled (1 h at 100 1C) NANase (100 mU mL À1 ), or NANase preincubated with 2-deoxy-NANA (200 mg mL À1 ). Ã Significantly decreased compared with media control, boiled NANase, and NANase preincubated with 2deoxy-NANA at P o 0.001. also influence the bacteria-epithelial cell interaction. Bacteria were pretreated with NANA or media alone, after which the adherence assay was performed with neuraminidase pretreated or untreated colonic cells. Exogenous sialic acid did not influence S. Typhi adherence to either neuramini-dase-treated or untreated colonic epithelial cells (Fig. 4) . These data indicate that preincubation of bacteria with soluble sialic acid does not bind the bacterial adhesions, thereby blocking the bacteria-epithelium interaction. It is conceivable that only sialic acid coupled to cell surface glycoconjugates can recognize the bacterial adhesins.
Discussion
These studies demonstrate that mobilization of surface sialic acid profoundly decreases S. Typhi adherence to the colonic epithelium. Sialic acid expressed on the surface of microorganisms, invertebrates, and all mammalian cells as glycoconjugates imparts a net negative electrical charge to the cell surface. Sialic acids have multiple sites for substitution in its structure, and are coupled to adjacent molecules by different glycosidic linkages (Schauer, 1982) . Because they are often the terminal carbohydrate on glycoconjugates, they can be readily removed or added to these structures. Sialic acid on the eukaryotic cell surface is an important determinant of that cell's interaction with other cells, informational molecules, and invading microorganisms (Liu et al., 1982; Hattori et al., 1985; Hayes & Lockwood, 1986; Morgenthaler et al., 1990; Cross et al., 1995) . The amount of plasma membrane-associated sialic acid determines their rheologic properties, including their deformability and motility as well as their adhesiveness to substrates and to other cells (Lichtman & Weed, 1972; Lichtman et al., 1977; Cross & Wright, 1991) . It has been reported that reduction of cell-associated sialic acid by 20-30% is sufficient to profoundly alter cell function (Cross & Wright, 1991) . The degree of sialylation may influence bacterial adherence, as has been described for hormones, cytokines, immunoglobulins, adhesion molecules, or toxins (Hayes & Lockwood, 1986; Gorczyca et al., 1989; Hengge et al., 1992; van't Wout et al., 1992) . In our study, to Fig. 4 . Effect of sialic acid on S. Typhi adherence to colonic cells. Each bar represents the mean ( AE SE) bacterial adhesion to colonic cell monolayers. In these experiments, bacteria were preincubated with sialic acid (NANA) or media alone, after which they were incubated with colonic cells that were pretreated for 4 h with neuraminidase (NANase) (100 mU mL À1 ) or media alone. Ã Significantly decreased compared with the media control at P o 0.05. detect the type and amount of sialic acid mobilized from the surface of Caco-2 cells, cells were probed with sialic acidspecific TRITC-SNA and TR-MAA lectins. To detect residual subterminal b-galactose after sialic acid removal, TRITC-PNA lectin was introduced. Monolayers treated with neuraminidase revealed decreased binding of both SNA and MAA lectin by 27% and 58%, respectively; PNA lectin binding was increased by 43% compared with the simultaneous media controls. Thus, excessive amounts of mobilized surface sialic acid may alter the rheologic properties of colonic cells and decrease S. Typhi adherence.
With the results of these studies in mind, sialic acid expressed on the colon cell surface may influence S. Typhi adherence via nonspecific (surface electric charge changes) or specific (terminal monosaccharides as a receptor) mechanisms.
Most microorganisms express more than one type of adherence factors, also called adhesins. A large fraction of the microbial adhesins are lectins that bind directly to cell surface glycoconjugates and adhesion may be mediated through terminal sugars or internal carbohydrate motifs after desialylation. Moreover, nonspecific adherence mechanisms may be involved in the early steps of bacterial adherence to biotic or abiotic surfaces.
It has been reported that neuraminidase treatment of MDCK kidney cells reduced their binding and uptake of Salmonella typhimurium. These findings were compatible with Salmonella adherence to epithelial cells via sialic acid-containing receptors (Finlay & Falkow, 1990 ). Finlay and colleagues suggested, but did not establish the presence of receptors containing sialic acid on host cells. In another study, Giannasca et al. (1996) found that Caco-2 cells express many lectin sites, but that S. typhimurium adherence did not correlate with binding of lectins that recognize sialic acid-containing glycoconjugates. In our study, neuraminidase treatment of Caco-2 cells reduced their adherence of S. Typhi. To demonstrate that S. Typhi engages sialic acid residue-containing receptors, we pretreated bacteria with sialic acid in an attempt to saturate bacterial ligands. Adherence of sialic acid-treated bacteria to either neuraminidase-treated or untreated Caco-2 cells was unchanged. These findings suggest that terminal sialic acid may not be required for specific adherence, but may facilitate bacterial adherence via nonspecific adherence mechanisms.
In previous studies, it was shown that differential expression of glycoconjugates on the surface of intestinal epithelial cells contributes to their metastatic potential (de Albuquerque Garcia Redondo et al., 2004) . Such differences between normal and malignant cells may influence bacterial adherence. Further work on Salmonella interactions with normal cells is needed.
In conclusion, sialic acid on the surface of colonic cells is important for S. Typhi adherence. However, the current studies suggest that sialic acid influences bacterial adhesion to colonic cells via nonspecific rather than specific mechanisms.
